The Okinawa Trough, lying between Japan and Taiwan, is a backarc basin formed by extension within the continental lithosphere behind the Ryukyu trench-arc system. Stress directions associated with the two last extensional phases in the southwestern Okinawa Trough have been deduced from a comparison with analog modeling: the direction of extension is N 150 ø for the Pleistocene phase of extension (2-0.1 Ma) and N 170 ø for the late Pleistocene-Holocene phase of extension (0.1-0 Ma). The present-day Ryukyu volcanic arc, a narrow continuous feature extending from Japan to Taiwan, is located on the eastern side of the Okinawa Trough, 80-100 km above the Wadati-Benioff zone, the minimum depth for emplacement of arc magmatism. Scarce present-day backarc volcanism appears in the middle and southern Okinawa Trough within linear en echelon bathymetric depressions. A N045 ø oriented seamount volcanic chain cuts across obliquely the southwestern Okinawa Trough and lies in the direct line of extension of the Gagua ridge, a N-S linear volcanic feature of the Philippine Sea plate. Associated with this extension of the Gagua ridge, a large reentrant located at the base of the Ryukyu prism, the uplift of part of the Nanao forearc basin and the deformation of the sedimentary arc suggest that the voluminous cross-backarc volcanism could be tied to the subduction of the Gagua ridge located there at a depth of 80-100 km beneath the backarc basin. A second area of anomalous volcanism has been identified in the middle Okinawa Trough in the ENE extension of the Daito ridge, a WNW-ESE 400-km-long volcanic feature of the Philippine Sea plate. We suggest that the Gagua and Daito ridges initially induced stress at the base of the arc which is still brittle and cracks propagated through the overlying brittle lithosphere, allowing magmas with arc affinities to erupt at the seafloor. This excessive magmatism reaches the seafloor through conduits which preferentially follow in their shallowest portion the crustal normal faults of the backarc rifts. The Okinawa Trough is consequently still in an early stage of evolving from arc type to backarc activity.
Tectonic Setting of the Okinawa Trough
The OT formed by extension within the continental lithosphere as suggested by Uyeda [1977] or within continental lithosphere already intruded by arc volcanism [Sibuet and Hsu, 1997 ]. As the Ryukyu subduction zone was active since late Cretaceous [Lee and Lawver, 1994 and 1995], Sibuet and Hsu [1997] interpret the series of continental shelf basins located parallel to the mainland China shoreline as several belts of backarc basins separated by volcanic or nonvolcanic relict arcs, suggesting a progressive eastward migration of the backarc basin system. The OT is the present-day active backarc basin. However, if there is a consensus about the two last phases of extension which occurred in the OT since 2 Ma, there is a large controversy about the age of the early rifting phase. The increasing northeastward width of the OT was generally explained by the rotation of the Okinawa platelet (Ryukyu arc and OT portion located east of the trough axis) with respect to Eurasia around a pole located in northern Taiwan. However, the total amount of extension has been estimated from crustal refraction and gravity data along two transects located in the southern and northern OT. It slightly decreases from 80 km in the southern OT to 74 km in the northern OT [Sibuet et al., 1995] , which demonstrates that the pole of rotation for the whole extension cannot be located in northern Taiwan as suggested by several authors but is rather far from this area, in the extension of OT.
The Recent phase of extension has been identified in late Pleistocene times [Furukawa et al., 1991] on the basis of seismic correlations with drilling stratigraphy [Tsuburaya and Sato, 1985] . It is characterized by normal faults with vertical offsets of a few meters, changing progressively in direction along the OT. The amount of extension which occurred during this phase was estimated to about 5 km in the middle OT. The pole of rotation is located near Hawaii [Sibuet et al., 1995; Thateau, 1996] .
The second rifting phase started about 2 Ma at the Plio-Pleistocene boundary. Correlations with sedimentary basins between the OT and Kyushu regions [Kimura, 1985] and the uplift of the Ryukyu arc at the Plio-Pleistocene boundary [Ujiie, 1980] show that the initiation of the subsidence and block faulting in the central axial part of the OT occurred at about 2 Ma. It is characterized by tilted blocks. The faults displace the late Pliocene/early Pleistocene sediments and progressively change direction along the OT. The amount of extension for this phase was estimated to be 25 km in the northern OT. The pole of rotation is located east of Tokyo, in the northeast extension of OT [Sibuet et al., 1995; Thateau, 1996] .
The early rifting phase was dated late Miocene (9-6 Ma) [Letouzey and Kimura, 1985] as suggested by the presence of late Miocene marine sediments drilled in the northern OT [Sun, 1981] . However, the beginning of the OT extension and its duration are still debated. According to Kimura [ 1996] , extension could have begun between 6 and 4 Ma, corresponding to the lower part of the Shimanjiri group, because late Miocene to early Pliocene strata belonging to this formation show specific sedimentary features which have been observed in the central part of the trough and are considered as synrift sediments. This observation would support the existence of a first extensional phase occurring during the latest Miocene to early Pliocene (6-4 Ma) with associated subsidence and sediment deposition. Alternatively, Park [1996] considers the period of deposition of the Shimanjiri group as a period of uplift, erosion, and nondeposition in the southern OT. In this hypothesis, it is assumed that no extension occurred within the southern OT from 6 to 2 Ma, which does not exclude a previous Tertiary phase of extension. Thus the early phase of extension is poorly constrained from geological data. However, if considered as a single homogeneous phase occurring in the whole OT, this phase is a major tectonic phase with about 60 km of extension in the northern OT and 50 km in the southwestern OT, the corresponding pole of rotation being located in Sumatra, in the southwestward extension of OT [Sibuet et al., 1995; Thateau, 1996 ].
R/V l'Atalante Active Collision in Taiwan

Survey
During the active collision in Taiwan (ACT) cruise (May-June
1996) and the l•recedin• transit between Okinawa Island and
Taiwan, an integrated geophysical survey of the southwestern extremity of the OT was conducted as part of an ongoing cooperative project between France and Taiwan (Figure 2 ). Eighteen EM12/EM950 swath-bathymetric profiles trending NE-SW were acquired obliquely to the general E-W direction of the trough in order to establish the possible existence of three major NW-SE trends already inferred from gravity, magnetic, and earthquake data [Hsu et al., 1996a ]. In addition, six-channel high-speed seismic data using two GIs (generator/injector) guns operated in harmonic mode [Pascouet, 1991] were collected simultaneously with gravity, magnetic, and 3.5 kHz data at a mean ship's speed of 10 knots. The following processing sequence was applied to all seismic profiles: FK filter, 4-12; 35-45 Hz band-pass filter, three-fold stack with a constant velocity of 1480 m/s, and Kirchoff migration with a constant velocity of 1420 m/s. The swath-bathymetric coverage was almost complete except in the shallowest portions of the survey where the width of the surveyed area became too narrow. Figure 2 shows the survey track lines with a line spacing varying from 2.5 km on the upper slope and continental shelf to 7.5 km in the deepest portion of the trough (2000 m).
Morphology of the Southwestern Okinawa Trough
A digital terrain model (DTM) bathymetric grid with a 75-m grid spacing was produced without smoothing. Depending on the final scale of bathymetric maps, the appropriate smoothing was applied. However, most of the morphological content of the complete set of swath-bathymetric data appears in two types of documents: the conventional smoothed bathymetric maps (e.g., Figure 3 contoured with a 50-m spacing though working documents at a 1/200,000 and 1/100,000 scales with 5-and 2-m contouring intervals, respectively, were also produced) and the gridded raw DTM illuminated from different azimuths with low elevation view points (e.g., Plate 1). The main topographic features outlined in Figure 3 and Plates 1 and 2 are as follows:
1. Between 24ø40'N and 25ø12'N, the western part of the northern OT slope is a 7 ø southeast dipping slope with numerous minor gravity canyons interrupted in the north by the N135 ø trending major submarine canyon C ( 3. Three major canyons developed along the gently dipping northern boundary of the southwestern OT. Canyon C slightly buried the Eurasian continental margin, while canyon B (much bigger and larger) strongly erodes it. The latter is characterized by three main tributaries showing locally ENE-WSW to E-W offset tracks corresponding to already known structural directions. Furthermore it is locally affected by small landslides. Canyon A, surveyed in its lower portion, seems to be the largest one, if we only take into account its downstream width. 4. To the west, the northern OT continental margin ends abruptly on a N065 ø trending canyon that we name the Lishan trough, and which is the northeast extension of the Lishan fault ( Figure 3) (Figure 3) where B corresponds to a canyon trend, C to the trend of another canyon on the northern OT margin and to an offset of the southern OT margin and D to a minor change in direction of the northern OT margin but also to a significant offset of the southern OT margin. 7. In the deep part of the Trough (Figure 3 , and Plates 1 and 2), the major morphological trend is a subtle N085 ø depression about 13 km wide. Normal faults with vertical offsets of a few meters to few tens meters dip toward the axis of the depression. Numerous volcanic cones, sometimes locally aligned along these N085 ø normal faults, are in fact concentrated along a prominent broad band roughly oriented N045 ø (Figure 3) . Surprisingly, this depression is not located in the OT axial part but mostly in the southern portion of the backarc basin, trending roughly parallel to the mean direction of the Ryukyu arc. In its western portion, the depression is bevelled and terminates against the Lishan fault extension. This could indicate that the plate boundary between Eurasia and the Okinawa platelet follows the axis of the depression and then the Lishan fault. 8. The present major sedimentation flow of the canyons of the northern margin and of the Lishan trough lies north of the N085 ø depression. Several dead channels with large meanders appear in different places of the deep backarc basin (Plates 1 and 2). The major one, which is possibly the most recently inactivated one, is located north of the N085 ø depression, mostly on the edge of a structural high with some meanders lying at deeper depths (Plate 2). This channel abruptly disappears west of 122ø45'E, but when it was active, it was characteristic of a low-energy environment with muddy deposits and probably connected to the Lishan trough. Southward 10 km, the traces of an older channel are almost parallel to the preceding one and were perhaps connected 
Structural and Tectonic Analysis ß
The structural interpretation ( Figure 3 ) was undertaken using both the seismic data and the detailed seafloor morphology which gives additional constraints on the direction of the tectonic features. As already known, tectonic control is often maintained through time in the morphology, even if there is a lateral drift of the superficial bathymetric features due to peculiar conditions of sedimentation. 
Late Miocene-Pliocene Sedimentary and
Pleistocene Phase of Opening (N065 ø Trends)
The N065 ø thrust fault system was reactivated as normal faults (Figure 3) ......................... (Figure 3 and Plate 1, between 24ø45'N and  25ø13'N). In the central portion of the chain, between 25øN and  25ø10'N, the volcanic basement is buried beneath sediments, [1997] have shown that north of 23øN, the Gagua ridge could be a present-day plate boundary between the Philippine Sea and the Gagua (now Huatung) plates, the latter one being bounded by the eastern Ryukyu trench, the Luzon arc, and a N075 ø oriented right-lateral strike-slip fault joining the Gagua ridge at 23øN. Consequently, the Gagua ridge is a large offset fracture zone or, more probably, a plate bounday which extended to the Ryukyu subduction zone during early Tertiary times and since then, subducts obliquely beneath the Ryukyu arc. At its northern extremity (Figure 14) , the large reentrant located at the base of the Ryukyu prism (Yaeyama ridge), the uplift of part of the Nanao forearc basin, and the deformation of the sedimentary arc [Dominguez et al., 1996] , are consequences of the subduction of this linear feature whose upper surface lies 2-4 km above the Philippine Sea oceanic basement. Recently, Mcintosh and Nakamura [1998] using wide-angle and refraction data acquired along an E-W profile in the Nanao basin suggested that a low velocity body at a depth of 15-20 km would be the northern prolongation of the Gagua ridge. As the southwestern OT seamount volcanic chain lies in the direct extension of the Gagua ridge, we suggest that this voluminous cross-backarc volcanism is linked to the presence of the Gagua ridge located there at a depth of 80-100 km (Figure 1) .
Strain and Stress Orientations During Pleistocene and Pleistocene-Holocene
The consequences of such an hypothesis are the following: during the Pleistocene phase of rifting (2-0.1 Ma), o3 is N150 ø oriented, o2 is N060 ø with 30 km of extension in the southern OT deduced from the kinematic motion of the Ryukyu plate [Thateau, 1996] (Figure 12) . During the late Pleistocene-Holocene phase of extension (since 0.1 Ma), •3 is N170 ø oriented, •2 is N080 ø, with 5 km of extension in the southern OT also deduced from the kinematic motion of the Ryukyu plate [Thareau, 1996] (Figure 12 ). If the relative motion of the Philippine Sea plate with respect to Eurasia is constant through time (7.1 cm/yr in the N308 ø direction [Seno et al., 1993] ), the westward component of the Gagua ridge motion is 2.8 cm/yr along the N060 ø rift direction during the Pleistocene phase and 4.6 cm/yr along the N080 ø rift direction during the late Pleistocene-Holocene phase (Figure 14) . The needed rate of extension to create a N045 ø cross-backarc trail within the southwestern OT is 0.9 cm/yr during the Pleistocene phase and 3.0 cm/yr during the late Pleistocene-Holocene phase (Figure 14) .
Are the consequences of such an hypothesis reasonable? The obtained rate of extension for the Pleistocene phase (0.9 cm/yr) could be compared to the estimated annual average extension velocity of 1.5 cm/yr [Thateau, 1996] (Table 1) or 1-2 cm/yr calculated by Park [1996] from the basement fault geometry across an OT transect near Miyako island (Figure 15 ). The 3 cm/yr mean velocity during late Pleistocene-Holocene could be compared to the 5 cm/yr [Thareau, 1996] (Figure 12) or to GPS observations on Isigaki Island which indicate that this island is separating from mainland China at a velocity of 4 cm/yr [Kato et al., 1995] . In our hypothesis, the amount of extension is 18 km during the Pleistocene and 3 km during late Pleistocene-Holocene. These values are consistent with the 30 and'5 km of extension deduced independently from the kinematic motion of the Ryukyu plate in the southern OT [Thareau, 1996] (Figure 12 ).
Thus the Pleistocene and late Pleistocene-Holocene extension
rates, the corresponding amounts of extension and the length of the cross-backarc trail are in close agreement with observations. We conclude that the hypothesis of abnormal voluminous magmatism emplaced along a cross-backarc trail whose formation is linked to the oblique subduction of the Gagua ridge beneath the OT is plausible. If such an hypothesis is valid, the geometry of the ridge at such a depth beneath the OT is probably still a linear feature culminating a few km above the subducting plate as for its present-day morphology. We suggest that the Gagua ridge initially induced stress at the base of the arc which is still brittle and cracks propagated through the overlying brittle lithosphere allowing magmas with arc affinities to erupt at the seafloor within the backarc basin because the volcanic arc is located in OT. The origin of this anomalous volcanism could be also partly due to an increase of friction of the Gagua ridge with the overlying brittle lithosphere near the volcanic front due to the oblique motion of the Gagua ridge with respect to the overlying lithosphere. A temperature increase of only ten or a few tens degrees would significantly increase the rate of partial melting in the overlying lithosphere and would also explain a relative excess of magmatism.
Origin of Magmatism in the Okinawa Trough
A second area where a significant amount of magmatism has been emplaced is located in the middle OT (VAMP area, Figures  1 and 15) . The VAMP area is located in the exact prolongation of the Daito ridge, a linear volcanic feature of the Philippine Sea plate, about 400 km long, 100 km wide, and culminating at a depth less than 2000 m. As for the Gagua ridge, the Daito ridge disappears near the Ryukyu trench (Figure 15 ). In the northwest prolongation of the Daito ridge, a large reentrant exists at the base of the Ryukyu prism as well as in the upper part of the forearc [Marine Safety Agency, 1993]. We suggest that the Daito ridge extends beneath the VAMP area and that the origin of the volcanism is similar to the one of the southwestern OT crossbackarc volcanic trail.
We interpret both the southwestern OT trail and the VAMP area as localized volcanic features emplaced within active portions of backarc rifts which are linked to the subduction of major Philippine Sea topographic volcanic features beneath Eurasia. We suggest that the preferential way for magmatism to reach the seafloor is to follow conduits along crustal normal fault traces in the active backarc rifts. These zones act as preferential planes of weakness at least within the upper lithosphere.
Outside these two anomalous volcanic areas and the presentday volcanic arc, only five small elongated volcanic ridges were mapped in the deepest part of the backarc depressions (Figure 1 and stars in Figure 15 [Sibuet et al., 1987] ) and interpreted as the onset of backarc activity, with the emplacement of magmas along backarc depressions. Several lines of evidence indicate that the three types of volcanism observed in OT (backarc, arc, and anomalous volcanism) have arc affinity. Except for geochemical analyses concerning the arc volcanic front [Shinjo et al., 1998a] , all geochemical analyses performed on basaltic samples dredged in the VAMP area or along the backarc volcanic ridges [Oshima et al., 1988; Sibuet et al., 1987] show mixing compositions between mid-ocean ridge basalt (MORB) source and arc-like melts similar to other backarc basins (e.g., Hawkins [1994] for the Lau Basin).
Three types of volcanism have been identified in the OT (Figures 15, 16 and 17 respect to the overlying lithosphere, could also locally increase temperature and would explain, at least partially, the relative excess of magmatism.
4. An other significant zone of OT anomalous volcanism (VAMP area) is located in the exact prolongation of the Daito ridge, a linear volcanic feature of the Philippine Sea plate. We suggest that the origin of the volcanism is similar to the one of the southwestern OT cross-backarc volcanic trail. 5. The excessive magmatism located in the southwestern OT and in the VAMP area reaches the seafloor through conduits which preferentially join crustal normal faults of the active backarc continental rifts.
